Using 1 H NMR T 1 and T 1ρ measurements self-diffusion of NH 4 + with an activation energy of (80 ± 10) kJ mol −1 was detected in the highest-temperature phase of NH 4 NO 2 crystals. Narrow 15 N NMR spectra of 15 NH 4 NO 2 and NH 4 15 NO 2 revealed that the isotropic reorientation rates of NH 4 + and NO 2 − ions are rapid in the high-temperature solid phase. These results suggest that the high-temperature phase of NH 4 NO 2 crystals forms an ionic plastic phase.
Introduction
Crystals of metal nitrites MNO 2 [M = K, Rb, Cs, Tl(I)] have been found to exhibit ionic plastic properties [1 -29] . These compounds undergo a phase transition into a plastic phase in which isotropic reorientation of NO 2 − ions and self-diffusion of M + and NO 2 − ions are detected by metal and 15 N NMR spectroscopy [20 -25] . In the low-temperature phase just below the plastic phase, NMR and dielectric studies have revealed the onset of two-site jump motion of NO 2 − ions [12 -25] . Calorimetric measurements show molar entropy changes of 17.3 -35.9 J K −1 mol −1 at the transition from the low-temperature phase to the plastic phase; these values are larger than those obtained at the melting point (14.0 -17.8 J K −1 mol −1 ). Molar heat capacity measurements display an anomalous long tail on the low-temperature side extending over 100 K [10 -15] .
In contrast, NaNO 2 and LiNO 2 crystals have no plastic phase. The former has been reported to show two order-disorder phase transitions with a small entropy change of 5.3 J K −1 mol −1 . In the highesttemperature solid phase, two-site jump motion of NO 2 − was detected [30 -35] . The middle phase is incommensurate antiferroelectric with a sinusoidal modulation of the long-range order, and the lowtemperature phase is ferroelectric with all nitrite ions aligned in parallel. In LiNO 2 crystals, no phase transition occurs within a temperature range of 80 K -473 K (melting point) [11] . The entropy change of 0932-0784 / 07 / 1000-0633 $ 06.00 c 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com 36.2 J K −1 mol −1 at the melting point is much larger than those of the ionic plastic crystals of MNO 2 , and is comparable to that of NaNO 2 (29.6 J K −1 mol −1 ) [36] . 7 Li and 15 N NMR measurements [37] revealed that two-site jump motion of NO 2 − ions occurs by excitation in LiNO 2 crystals; the activation energies (42 -44 kJ mol −1 ) are much larger than those of plastic crystals of MNO 2 (8.7 -18.8 kJ mol −1 ), and similar to that of NaNO 2 (27 kJ mol −1 ).
From the above facts, it may be deduced that there are certain conditions which must be fulfilled in a crystal so that an ionic plastic phase is formed; one is small melting entropy (less than 20 J K −1 mol −1 ) and another is small activation energy for two-site jump motion in the low-temperature phase. The former condition has been reported by Timmermans [38 -40] for organic plastic crystals. The other has been recently proposed for ionic plastic crystals based on previous studies [25, 37] . Pre-isotropic reorientation motions, such as two-site jump motion, make space for NO 2 − isotropic reorientation against the Coulomb force in crystals. If energies of pre-isotropic and isotropic reorientation are comparable with the lattice force, orientational disorder among NO 2 − ions can occur with retention of the crystal lattice. Since the activation energies of the NO 2 − two-site jump in LiNO 2 and NaNO 2 are larger than those of MNO 2 (M = K, Rb, Cs, Tl), it can be assumed that the ionic radius is a key parameter for plasticity. In this study, 1 H and 15 N NMR measurements of NH 4 NO 2 were carried out to study the contribution of the ionic radius. The reported spherical radius of an NH 4 + ion (148 pm) is similar to that of Rb + (152 pm).
It has been reported that NH 4 NO 2 crystals undergo two phase transitions, at 181 and 276 K, and violent decomposition at 346 K [41, 42] . The reported decomposition entropy of ca. 20 J K −1 mol −1 is similar to the fusion entropies of MNO 2 -type plastic crystals: 14.0 (M = K), 16 .0 (Rb), 17.8 (Cs), and 15.0 J K −1 mol −1 (Tl), and smaller than melting entropies of normal crystals: 36.2 (LiNO 2 ) and 29.6 J K −1 mol −1 (NaNO 2 ). The molar heat capacity of NH 4 NO 2 shows an anomalous long tail on the low-temperature side of 276 K. Since the observed frequency dependences of the dielectric permittivity are reported to be around 276 K [42] , orientational disorder of NO 2 − ions is predicted in the high-temperature phase. However, activation parameters and crystal structures of high-temperature solid phases have not been reported due to sample decomposition. The 1 H spin-lattice relaxation time, T 1 , and T 1 in a rotating frame, T 1ρ , were measured using a Bruker SXP spectrometer. The inversion recovery method was employed for the determination of T 1 . A radio frequency field amplitude of 0.3 mT was used for the T 1ρ measurement.
Experimental
15 N (I = 1/2) NMR spectra were recorded at 30.42 MHz using a Bruker MSL-300 spectrometer by the solid echo method with a recycle time of 500 s. Powdered NH 4 NO 2 crystals were sealed in a sample glass tube. The 15 N chemical shift was estimated based on an external reference of 15 
Result and Discussion
The 15 N NMR spectrum obtained at 160 K (Phase III) of 15 NH 4 NO 2 is displayed in Figure 1a . The narrowed peak at −355 ppm, whose value is consistent with the reported 15 N NMR chemical shift of 15 NH 4 NO 3 [43] , suggests that the isotropic reorientation rate of NH 4 + ions is sufficiently rapid for the nuclear relaxation rate in Phase III. On the other hand, a sharp 15 N NMR peak of NH 4 15 NO 2 was detected (ca. 250 ppm) only in Phase I, as displayed in Figure 1b. In the low-temperature phases, no narrow absorption spectrum was recorded, as shown in Fig. 1c , − motion averaging chemical-shift-anisotropy is not considerable in Phase II. A reason of a low signal-to-noise ratio of the observed 15 N NMR spectrum can be attributed to a little amount of NH 4 NO 2 crystals in the glass tube because NH 4 NO 2 crystals are violently decomposed by heat. In order to get more detailed information, measurements of 1 H NMR relaxation times were carried out.
The obtained magnetization-recovery curve could be fitted by a single exponential function in all recorded temperature ranges. The temperature dependences of 1 H NMR T 1 observed at 57.6, 40.6, and 20.2 MHz and T 1ρ are shown in Figure 2 . T 1 minima and maxima were obtained around 110 and 290 K, respectively. The obtained T 1 slope in a high-temperature range of the minima was different from that of the low-temperature side and a single T 1 process model was difficult to express the observed data. Therefore, two relaxation times, T 1,L1 and T 1,L2 , for low temperatures and a relaxation time, T 1,H , in the high-temperature range above the T 1 maxima were assumed:
Since the T 1 values strongly depend on the observed frequencies below and around the temperature of the T 1 minima, the BPP-type equation [44] was used to estimate the activation parameters:
Here C, τ, γ, ∆M 2 , τ 0 , E a and ω denote a constant depending on the motional mode, correlation time of the motion, gyromagnetic ratio of 1 H nucleus, second moment, correlation time at infinite temperature and activation energy, and the 1 H Larmor angular frequency, respectively. Fitting (1) -(4) to the observed T 1 values, the activation parameters are listed in Table 1. Theoretical M 2 values can be calculated for various motional modes by using the Van Vleck equation [45] . An M 2 value of intra-molecular contributions could be estimated to be 28 [25] 439 (CsCl) [11] 430 (CsCl) [53] Since T 1,H also showed the observed frequency dependences, dipole-dipole interaction contributes to the 1 H relaxation mechanism. The rapid NH 4 + isotropic reorientation in Phase I averages out 1 H-1 H dipoledipole interaction, indicating that there is an additional motion which has enough large rates to relax 1 H spins in high-temperature ranges just below the decomposition point. The increase in T 1ρ with temperature also suggests additional motion with a lower speed than that of isotropic reorientation. The estimated activation energy of (80 ± 10) kJ mol −1 from T 1ρ is similar to that from T 1,H . Therefore it can be considered that self-diffusion occurs in Phase I and that crystalline NH 4 NO 2 is a member of the new family of ionic plastic crystals. The obtained activation parameters are listed in Table 1. 1 H NMR measurements of T 1 and T 1ρ and 15 N NMR spectra revealed that NH 4 NO 2 exhibits a plastic phase in which the rates of isotropic reorientation and selfdiffusion are sufficiently rapid. Since the ionic radius of NH 4 + (148 pm) is between that of K + (133 pm) and Rb + (152 pm), the activation parameters of NH 4 NO 2 can be compared with those reported for MNO 2 (M = K, Rb, Cs, Tl) [22 -25] the obtained activation energies for NH 4 + isotropic reorientation, (8 ± 1) kJ mol −1 , and self-diffusion, (80 ± 10) kJ mol −1 , are smaller than those of NH 4 X (X = Cl and Br), as shown in Table 3 . From these results it is clear that both ionic radius and ionic shape are important factors in plasticity. When a planar NO 2 − ion undergoes isotropic reorientation, it occupies a space similar to that of a Br − ion in a crystal. However, the rate of isotropic reorientation in a crystal is much smaller than the jumping rate from one site to another (self-diffusion); therefore, from the point of view of the jumping ion, the orientation of NO 2 − ions is frozen over a short timescale of the order of picoseconds. This mechanism can be illustrated in terms of a revolving door.
Conclusion
Using 1 H NMR T 1 and T 1ρ measurements selfdiffusion of NH 4 + with an activation energy of (80 ± 10) kJ mol −1 was detected in the highest-temperature phase of NH 4 NO 2 crystals. This energy is similar to that of ionic plastic crystals, MNO 2 (M = K, Rb), and is smaller than that of normal crystals, NH 4 X (X = Cl, Br). 15 N NMR spectra of 15 NH 4 NO 2 revealed that the isotropic reorientation rates of NH 4 + ions are sufficiently rapid in the low-temperature solid phase. In contrast, NO 2 − isotropic reorientation was found only in the high-temperature solid phase. These results suggest that the high-temperature phase of NH 4 NO 2 crystals forms an ionic plastic phase. From these results it can be concluded that crystalline NH 4 NO 2 is a member of the new family of ionic plastic crystals.
